Abstract: Specialised dairy farms are challenged to be competitive and yet respect environmental constrains. A tighter integration of cropping and livestock systems, both in terms of feed and manure flows, can be beneficial for the farm economy and the environment. The greening of the direct payments, which was introduced in the European Union's greening reform in 2013, is assumed to stimulate the transition towards more sustainable systems. The aim of this study was to quantitatively assess the impacts of greening policies on important economic and environmental indicators of sustainability, and explore potential further improvements in policies. The Farm System SIMulator (FSSIM) bioeconomic farm model was used to simulate the consequences of scenarios of policy change on three representative dairy farms in Piedmont, Italy, i.e., an 'intensive', an 'extensive', and an 'organic' dairy farm. Results showed that in general, there is a large potential to increase the current economic performance of all of the farms. The most profitable activity is milk production, resulting in the allocation of all of the available farm land to feed production. Imposing feed self-sufficiency targets results in a larger adaptation of current managerial practice than the adaptations that are required due to the greening policy scenario. It was shown that the cropping system is not always able to sustain the actual herd composition when 90% feed self-sufficiency is imposed. Regarding the greening policies, it is shown that extensive and organic farms already largely comply with the greening constrains, and the extra subsidy is therefore a bonus, while the intensive farm is likely to sacrifice the subsidy, as adapting the farm plan will substantially reduce profit. The introduction of nitrogen (N)-fixing crops in ecological focus areas was the easiest greening strategy to adopt, and led to an increase in the protein feed self-sufficiency. In conclusion, it is important to note that the greening policy in its current form does not lead to reduced environmental impacts. This implies that in order to improve environmental performance, regulations are needed rather than voluntary economic incentives.
Introduction
The main challenge of agricultural systems today is to increase production in order to feed the growing world population while reducing the pressure on the environment [1, 2] . During the last decades, a progressive intensification has occurred in the agricultural lands of Western Europe that in the development and introduction of new policies [34] , to which IAM may play a supporting role. IAM has been developed, and many models are now available for agricultural assessment [26, 33, 35, 36] . They often used a scenario analysis approach that can be descriptive, predictive, or explorative [37] .
At the farm level, bioeconomic farm models have been developed to link models of farmers' resource management decisions to models that describe current and alternative production possibilities in terms of the required inputs to achieve certain outputs and associated externalities [19, 38] . Agro-environmental conditions and farm characteristics determine the feasibility of production activities, while the socio-economic environment influences the selection of most suitable production activities. In this study, the bioeconomic farm model FSSIM (Farm System SIMulator; [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] ) was adapted and used to design new farm plans under the effects of CAP-greening policies, feed self-sufficiency, and gross margin maximisation scenarios on dairy farms in northwest Italy. We assessed the economic efficiency and environmental impacts of four different scenarios. The first scenario maximised the farm gross margin only considering the structural constrains of the farm, the second maximised the farm gross margin considering an increased feed self-sufficiency, the third maximised the farm gross margin considering CAP greening rules, and the fourth scenario combined the previous two. Using agro-environmental indicators, farm activity changes were examined for different dairy farms in Northern Italy, which were characterised by different levels of intensification, including one that adopts European organic regulations.
Materials and Methods
The assessment has been organised according to the framework presented in Figure 1 . After selecting and describing the farms, we investigated gross margin maximising production plans on three representative farms to evaluate current allocative inefficiencies and potential economic improvement compared to the observed situation. Three other different scenarios were investigated to explore their effects on gross margin, cropping system organisation, livestock dimension, and ration composition. Agro-environmental indicators were used to evaluate and compare the economic and environmental performance of the different farms within the different scenarios. 
Study Area and Dairy Farm Population
The study was carried out for the Piemonte Region in the western Po Plain (northwest Italy). The climate is temperate subcontinental, and is characterised by rainy periods in spring and autumn, an annual mean precipitation of 850 mm, and an annual mean temperature of 11.8 • C. The soil types are Inceptisols, Entisols, and Alfisols, and are principally of silt loam and silt textures with a normal or high content of both organic matter (2.24 ± 0.97%) and Olsen P (36.9 ± 30.4 ppm) [40] . The utilised agricultural area (UAA) is approximately 996,000 ha [41] . The primary crops are maize (188,000 ha), permanent and temporary grassland (at least five-year duration) (128,000 ha), rice (121,000 ha), and wheat (86,000 ha). Other secondary crops (in terms of regional extension) are soybean, forages, fruit trees, vineyards, and vegetables. Maize and meadows are usually irrigated. Fifty-six percent of the regional area has been defined as a Nitrate Vulnerable Zone, due to the high nitrate concentration in the groundwater.
The livestock sector includes 860,850 cattle, 991,450 pigs, and 8,487,263 poultry [42] . The total number of professional dairy farms in Piemonte that exclusively breed Holstein-Friesian cows is about 1300 [41] ; 1% are organic, while 8% of them have adopted some agro-environmental measures of the rural development program to reduce environmental impact. Average crop yields and milk productions are high when compared to national averages. Maize (Zea mays L.) is the most frequently cultivated crop, with up to 50% of the farm area devoted to its cultivation. Maize is used for grain or silage production. It can also be cropped in combination with Italian ryegrass (Lolium multiflorum Lam.) during winter, if farm roughage is needed. Where maize is not a profitable crop, farms have grassland (cut for silage and/or hay) and winter cereals such as winter wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.). Winter cereals are cultivated as cash crops and to produce litter [40] .
Farm Selection
Based on a previous study in the Piemonte region [43] , it was demonstrated that stocking rate is the determining indicator of a farm's intensification level. Given this finding, the farms having the higher and lower stocking rates were selected from that study to be included in this analysis. Moreover, the organic farm from the cited study was also analysed.
Farms Description and Survey
Milk production is the main activity of each selected individual farm. Milk sales comprise the largest part of farm incomes. A small part of the income comes from cow and calf sales. Sales of cash crops represent 15% of the farm revenue for the extensive farm, while this value is less than 1% for the intensive and organic farms.
The extensive farm (Table 1) is characterised by a low stocking rate, low silage maize yield, large UAA, lowest grain maize yield, and diversified cropping system. Milk production was high due to the good management skills of the farmer (i.e., genetic selection, animal welfare, housing, with special attention to animal diet). A portion of the farm-produced grain maize and winter cereals (triticale (Triticosecale, Wittm.) winter wheat and barley) was sold, while other grain maize, silage maize, hay from mixed grassland, and lucerne (Medicago sativa L.) portions were used on the farm as livestock feed. Concentrates, cottonseed, and sorghum were purchased. Crude protein (c.p.) was supplied by three main feeds: concentrate at 30% of c.p., farm-grown silage maize, and farm-grown grain maize. The energy (UFL) (feed units for lactating dairy cows) supply was met through three main feeds: silage, grain maize, and farm-produced grass. The self-sufficiency of this farm is intermediate for c.p., while for energy, it does not vary so much among the three farms.
The intensive farm (Table 1) is characterised by a high stocking rate, and high crop and milk yields. Winter wheat was the only cash crop. All of the others crops were reused on farm to feed livestock: grain maize, silage maize, and hay from grassland. Concentrates, barley, and flour of soybean were purchased. The main feeds that supplied crude protein (c.p.) and supplied energy (UFL) were purchased soybean and maize produced on-farm. C.p. self-sufficiency in this case is the lowest, as expected. The organic farm (Table 1) is characterised by a small UAA and high crop and milk yields. These high yields were achieved through a combination of good animal practices (milking robot use, high animal wellness, and optimal rationing) and a well-managed cropping system (small purchased fertiliser quantities and low gaseous emissions related to the amount of milk production), which were derived principally from double-cropping practices such as soybean plus grain pea or maize plus Italian ryegrass. The single cash crop was pea (Pisum sativum L). All of the other produced crops were used on the farm to feed livestock: grain maize, silage maize, hay from Italian ryegrass, and soybean (Glycine max (L.) Merr.). Concentrates and organic lucerne were bought on the market. Crude protein (c.p.) was supplied by three main feeds: purchased lucerne, farm-produced soybean, and silage maize produced on the farm. Supplied energy (UFL) came from two principal feeds: purchased lucerne and farm-produced maize. The c.p. self-sufficiency of this farm was the highest.
All of the data refer to the years 2009-2010, and were collected between 2010 and 2012 using structured questionnaires that were progressively completed during several face-to-face interviews with 105 farmers.
The milk quota elimination has induced uncertainty in milk production at the European level, which has also been a consequence of global developments, and the milk price decreased in the first years after quota abolition. Impacts on the dairy sector have been large, and the European Commission is planning action to improve the economic viability of the dairy sector [44] . Although these changes also influence the impacts of the greening reform, long-term effects are still uncertain, and we chose to analyse the dairy farms using the milk price before the milk quota elimination in order to evaluate a more stable economic situation.
Model Description and Application

FSSIM Model Structure
The bioeconomic farm model FSSIM was used to assess the consequences of greening measures contained in the CAP reform 2013 and the effects of increasing feed self-sufficiency on three different farms that reflect the main differences in Italian dairy farms. FSSIM is an optimisation model that is used to maximise farm gross margin subject to the existing resource and policy constrains [21, 45, 46] . FSSIM has four main components: (i) an objective function; (ii) a matrix of input-output coefficients based on data derived from a farm survey describing its agricultural activities; (iii) a vector of available resources representing farm resource endowments; and (iv) a set of the policy, economic, and agronomic constrains of specific farming systems [21] .
The gross margin of a farm is calculated as the total revenues from agricultural products (milk, meat, and cash crops sold) minus the total variable costs due to crop and livestock production. Total variable costs include costs for seeds, fertilisers, irrigation, crop protection, fuel consumption, hired labour, animal feed, and veterinary services. Fixed compensatory payments (subsidies) were not included in the gross margin function of the model, since (as a constant) they will not affect the optimal activity levels. Moreover, as they depend on the history of the farm (average of CAP premium cashed during the three-year period [2000] [2001] [2002] , they lead to differences that do not depend on current management. In contrast, compensatory payments affected by farmer decisions (e.g., greening constrains adoptions) were included in the gross margin objective function.
Livestock and Crop Activities (Current and Alternative)
The following characteristics of farm activities, with their associated parameters and variables, were addressed for each farm: cropping pattern, agronomic technique, crop yields, variable production costs, human labour requirements, numbers of animals with specific herd demography, animal feed and bedding requirements, animal productivity, crop and animal product prices, and livestock management costs. Alternative crops that are already grown in other northern Italy dairy farms were added to the model in each farm where these common crops were not cultivated. The alternative crops considered were wheat, barley, lucerne, soybean, and the double crops silage maize plus Italian ryegrass.
The input-output coefficients for each agricultural activity (e.g., coefficient of "labour requirement" for activity "maize grain cultivation") were determined from interviews with farmers regarding available resources (e.g., labour availability). Input-output coefficients of alternative crops were calculated as an average of the values among the farms that grew these crops [43] . It was assumed that farmers would continue to grow current crops according to the present management and apply alternative management only to alternative crops [46] . Other crop managements were not considered, as the production values related to the specific soil and climatic conditions of each farm were not available. The input-output coefficients of crops were based on the sum of all of the associated operations (tillage, fertilisation, soil preparation, sowing, harvesting, irrigation, and pest management). In the case of double crops in the same area, during the same year (e.g., silage maize and Italian ryegrass), input-output coefficients were summed and considered as a single activity.
In order to model livestock demographic replacement rates, we used a static approach based on the concept of a cow unit (CU). A CU represents an adult animal and its share of young animals, which are defined according to data collected in farm surveys [47] . CU composition is maintained equal to the current situation to account for farmer's management skills and farm structure. The number of CUs selected by the model depends on milk price, milk quota, feed costs, animal costs, farm feed availability, and CU feed requirements.
Resource and Policy Constrains
The constrains are used to restrict the available farm resources or impose relevant agricultural and environmental policies. Agricultural activities are constrained by the available resources that are characterised by coefficients (quantity) that represent, for instance, the total available land, total applicable manure, and maximum crop ratio to comply with cross-compliance restrictions.
The sum of the activity levels (ha) was constrained by the total available arable land. Land purchases and sales are not considered in the model, as they represent long-term management decisions. In fact, in north Italy, land is scarce, highly priced, and in low supply. The labour constraint was used to calculate the number of hours of hired labour, given the activity-specific labour requirements and total available family labour. Hired labour was considered as an additional cost. The wage associated to hired labour was determined based on the average region-specific wage rate. Crop production can be sold to the market or used in the farm as livestock feed. Milk production was restricted by the farm-level available quota. Although the milk quota was abolished on 1 April 2015, this has not been considered in the study to keep the focus on the effects of greening and increased self-sufficiency on current farm structures. A variation in the stocking rate also implies a variation in farm structure, and consequently, fixed cost variations should also be accounted for. After the abolishment of the milk quota, many farms increased their herd, which caused problems with manure, nitrogen, and phosphorus. In contrast to nitrate, there is no European Directive or other regulation concerning phosphorus application in agriculture and phosphorus (P) losses from agricultural land. The Nitrates Directive states that eutrophication due to agriculture should be prevented, but phosphorus is not mentioned specifically in this directive. Nevertheless, several actions have been taken by European Member States by means of national legislation or voluntary regional (agro-environmental) action plans [48] .
The geographic position determined the manure production constraint. Farms located in Nitrate Vulnerable Zones (NVZ) were limited to 170 kg N ha −1 , while farms located in non-NVZs were limited to 340 kg N ha −1 . Any excess manure had to be spread outside the farm, and represented a farm cost that was quantified following the market price of transport and spreading manure calculated per ton of N.
Feed Balancing Constraints
The energy and crude protein requirements of the herd were met by a combination of farm-produced roughage feed (fresh, hay, or silage), purchased feed (hay or silage), and purchased concentrates. Feed parameters were calculated per CU following the "French" feed evaluation and rationing system for protein and energy [49, 50] . This system was selected as the most appropriate, because it has been widely tested and shown to generate reasonably accurate predictions of livestock performance in both the Mediterranean region and northern Europe [47] . Feed crops such as grass and fodder maize were grown either in rotation with other crops or as monocrop activities. The quantities of on-farm produced and purchased feed depend mainly on crop product prices (including feed) and input prices, logistics, and agronomic decisions. Constrains relating to feed availability and feed requirements were used to ensure that the total energy and protein requirements were met from either on-farm produced and/or purchased quantities of feed and concentrates.
The ratio between forage (maize silage, grass, and hay) and concentrate was constrained in the animals' diets to prevent the diseases that come from high concentrate amounts. For this reason, the ratio of energy derived from concentrate feed has been constrained to a maximum of 46% of the total energy intake. This value represents the average percentage of concentrates utilised in rations of the specialised dairy farms on the Po Plain.
Definition of Scenarios
After the description and assessment of the observed situation, four alternative scenarios were developed: gross margin maximisation, feed self-sufficiency, greening, and a combination of the three.
Gross Margin Maximising Scenario
In the Gross Margin-Maximising scenario, optimal activity levels were defined in order to maximise the farm's gross margin, considering only the resource and policy constrains described above. Risk aversion, which usually induces crop diversification, was not considered, as the aim of this model application was to identify resource use inefficiencies and propose more efficient alternative solutions, knowing that other cultural and social aspects drive farm decisions. This scenario provides information on the potential for improvement within the current biophysical, socio-economic, and institutional environments.
Feed Self-Sufficiency Scenario
According to Fumagalli et al. [51] , the N content of purchased feed is the most important source of nitrogen in dairy farm, and farm gate N balance is one of the indicators that better informs about this. The feed self-sufficiency scenario targets at reduced purchased feed inputs, which consequently would increase the feed self-supply indicator and reduce the farm gate N balance. This is possible by adapting the cropping system and adjusting the stocking rate, according to the optimised cropping system capacity to feed the livestock.
Still based on gross margin maximisation, the scenario contained two additional constrains:
i. Maximum 10% purchased crude protein of livestock requirement. ii. Maximum 10% purchased energy (UFL) of livestock requirement.
The first constraint was determined by dividing the crude protein content of off-farm feed by the total amount contained in the animal diet. The same calculation was employed for energy. Crude protein and energy concentrations were obtained from farm analysis.
Greening Scenario
The impacts of greening measures-as proposed by the CAP reform 2013-2020-on dairy farms were explored. The greening scenario also considered gross margin maximisation as the main objective, accounting for the different policy constrains described according to EU regulation COM (2011) 625 final/2 [23] ). The EU regulation includes the following three articles: -Crop diversification (Article 30). Simplifying, this requirement applies to farmers with over 10 ha of arable land. In farms up to 30 ha, farmers have to grow at least two crops, and the main crop cannot cover more than 75% of the land; in farms over 30 ha, farmers have to grow at least three crops, with the main crop covering at most 75% of the land, and the two main crops at most 95%. -Permanent grassland (Article 31). Simplifying, environmentally valuable grasslands cannot be ploughed or converted; -Ecological focus area (Article 32). Simplifying, farmers with arable areas exceeding 15 ha must ensure that at least 7% of such areas (excluding permanent grassland) is an "ecological focus area" that includes field margins, hedges, trees, fallow land, legumes, landscape features, biotopes, buffer strips, and/or forested areas.
When all the three constrains were met, a greening premium, calculated as a no-CAP penalty-based payment of 250 €/ha, was added to gross margin. The subsidy level of 250 €/ha was calculated based on historical common agricultural policy (CAP) payments of 200 dairy farms in Piemonte for the period 2000-2002. Following the EU directives, the greening premium was 30% of the total premiums received [23] with reference to the period 2000-2002 (Reg. CE 1782/2003) [52] divided by the land covered by the premium.
Further releases of the European Regulation [53] [54] [55] assigned a coefficient to calculate the EFA surface value to nitrogen-fixing crops equal to 70% of their effective surface, and included cover crops (EFA surface value coefficient equal to 30% of the effective surface), but maintained the share of EFA to 5% even after 2017, making greening application less restrictive. Moreover, administrative penalties were introduced by EU Regulation 640/2014 [53] , based on the variable rates of greening constrains fulfilment. They have been specifically studied by other authors [56] [57] [58] . In the current situation (2017), the average national greening premium is about half that of the greening premium adopted in this study, but the penalty system introduces further reductions in gross margins, and future changes are still expected. In the context of this study, the more restrictive rules chosen in the initial proposal were adopted in order to analyse a scenario that was anticipated as being more environmental-friendly.
Additional alternative activities that can serve as an ecological focus area (EFA) were included in the model. We included nitrogen-fixing crops (ecological crops) that are currently quite common to the area such as lucerne (Medicago sativa L.), soybean [Glycine max (L.) Merr.], permanent grassland, and fallow, as they can all contribute to an increased connection between crop and livestock systems. Official statistics also show that they represent the main land uses adopted in Italy as EFA during the first application of the greening rules [59] . Field margins, hedges, trees, landscape features, biotopes, buffer strips, and forested areas were not included. Although they are valuable for increasing biodiversity, they are not aimed at solving nutrient imbalances and connected inefficiencies. Official statistics show that they were very little adopted in Italy. On the other hand, the advantage of nitrogen-fixing crops is that they can fix nitrogen and grow without nitrogen additions (mineral and organic) and pesticide application.
Yields, adopted agronomic techniques, and variable costs were derived from the Tetto Frati long-term experimental database [60, 61] .
Combination of Feed Self-Sufficiency and Greening Scenario
The combination of all the previous scenarios was also explored analysing the possible positive or negative interactions between the effects of the self-sufficiency restrictions and the related greening policies.
Sensitivity Analysis
A sensitivity analysis was carried out in order to explore the effect of different levels of feed self-sufficiency (FSS) of both crude protein and energy on a farm's gross margin, cropping patterns, and ration composition. The two values of FSS were always kept equal in all of the simulations. We imposed different levels of self-sufficiency from the level achieved in the gross margin maximising scenario up to a maximum of 90%. Sensitivity analyses were done both accounting for greening constrains or not.
Scenario Comparison through Indicators
The economic and environmental performances of the three farms under the different scenarios were evaluated through indicators, and then compared to the observed farm situation. Eight indicators, which are related to the economic, environmental, and production efficiency aspects of the farm, were calculated at the farm scale.
All of the indicators were derived from recent literature [43, 62] , where they have been extensively described. We selected two economic indicators:
1.
Cropping system production (€ ha −1 ), which was calculated as the per ha total revenues (yield per crop prices) hypothesising all of the products from cropping activities being sold; 2.
Milk production (€ ha −1 ), which was calculated as revenues from milk production per ha.
Four environmental indicators were selected:
1. Farm gate nitrogen balance (FGNB, kg N ha −1 ) 2.
Farm gate phosphorus balance (FGPB, kg P ha −1 ) 3.
Ammonia emissions from farm (AE, kg NH 3 ha −1 ) 4.
Greenhouse gases emissions from farm (GHG, kg CO 2 eq ha −1 )
In addition, two eco-efficiency indicators were considered:
1. Nitrogen eco-efficiency (NEE, kg milk kg N surplus −1 ) 2.
Gaseous emissions of milk production (GHGMP, kg milk kg CO 2 eq −1 )
Economic indicators were calculated directly by the FSSIM model. Environmental and production efficiency indicators were calculated using FSSIM output.
Results
Extensive Farm
Gross Margin and Farm Plans
The gross margin maximised by the model is always above that calculated in the observed situation (Table 2) , which suggests a large potential to improve farm management, even though we know that the model represents a simplification of the reality. The highest gross margin (2647 € ha −1 excluding subsidies) was achieved in the gross margin maximising scenario by specialisation, which decreased the area of crops such as winter cereals, lucerne, and silage maize. Soybean was selected as an alternative crop. The levels of grain maize area and especially grassland were increased substantially. Within the self-sufficiency scenario, all of the farm surface was devoted to livestock feeding to comply with the self-sufficiency target. However, the total feed production was not enough to cover the feed requirements of the current number of cows. For that reason, the number of cows decreased marginally (−5%). Analysis of the cropping pattern shows that the optimal level of permanent grassland was almost the same as that in the gross margin maximising scenario. At the same time, the grain maize surface was similar to the observed situation, and soybean area replaced the silage maize, lucerne, and cash crops surface in order to increase the protein source from within the farm. The 10% total crude protein requirements could be fully met with lucerne hay purchases. For energy requirements, some maize flour was purchased. Additional crude protein and energy requirements were met with soybean, grain maize, and grass produced on-farm. Moreover, lucerne, hay, and a very small quantity of maize flour was purchased. The self-sufficiency scenario resulted in the lowest gross margin (i.e., 3% lower than in the gross margin maximising scenario, but 11% higher than the observed situation).
The greening scenario did not introduce further limits to the number of bred cows, other than the milk quota constraint, which remained constant. The grassland area increased substantially, and the grain maize surface was doubled compared with the observed situation. The silage maize area decreased considerably. A portion of the produced grain maize was sold. Double cropping (silage maize plus Italian ryegrass) was selected in the greening scenario as an alternative crop to cover the energy requirements of the livestock. Greening constrains were considered appropriate, and the ratio of surface that was designated as the ecological focus area (EFA) was cropped as ecological lucerne (in both scenarios with greening measures). The crude protein and energy livestock requirements were derived from a combination of produced and purchased lucerne and grain maize, plus grass produced on-farm. Good economic results were obtained by the greening scenario (over 2600 € ha −1 + 250 € for greening premium).
The Self-sufficiency + Greening scenario was more constrained by the feed self-sufficiency constraint than it was with the introduction of ecological lucerne and maize for silage in combination with Italian ryegrass. Intermediate economic results were obtained by the combination of the two scenarios (2537 € ha −1 + 250 € ha −1 for greening premium).
Sensitivity to Feed-Self-Sufficiency Requirements
As far as the results of the sensitivity analysis are concerned (Figure 2) , maximum gross margin was achieved with a feed self-sufficiency at 74%. As expected, imposing higher levels of feed self-sufficiency caused a reduction in gross margin. On average, every percent of feed self-sufficiency (from 74% to 90%) costs five € ha −1 . It was possible to maintain the number of animals until 80% of feed self-sufficiency. Therefore, the gross margin reduction in this range is only due to cropping system rearrangement and the lower sold quantities of grain maize. From 80% to 90%, a further gross margin reduction was provoked by less bred animals. A reduction in purchased lucerne, an increase in the surface area covered by soybean, and a further reduction in sold maize were other consequences.
Similar trends can be found with the greening constraint application, where the maximum gross margin was reached at 66% feed self-sufficiency. The number of animals again started to be reduced after 80% of feed self-sufficiency, while the "cost" for each percent of feed self-sufficiency was on average four € ha −1 .
Impacts on Economic and Agro-Environmental Indicators
Economic and agro-environmental indicators were used to evaluate and compare the economic and environmental performance of the different scenarios for the different farm types (Table 3) .
Cropping system production was, on average, higher in the different scenarios than in the observed situation. Farm management improvements derived mainly from the adoption of alternative crops or from the substitution of winter cereals with more profitable crops, such as grain maize, soybean, and lucerne. Milk production on the extensive farm showed only a 4% reduction in the Feed Self-Sufficiency scenarios. Greening constrains seemed not to affect milk production on the extensive farm.
Increased feed self-sufficiency decreased farm gate N and P balances due to the reductions in animal numbers, which indirectly caused the emissions indicators (greenhouse gases and ammonia emissions) to decrease. The extensive farm already manifested low nutrient balances in the Gross Margin-Maximising scenario (150 kg N ha −1 ; 19 kg P ha −1 ), but after increasing feed self-sufficiency, the model further reduced N and P surplus by 17% and 16%, respectively, due to reduced nutrient feed inputs. In the case of N, this reduction was mitigated by the rise of N that was biologically fixed by legumes. GHG emissions decreased by 6%, which was a similar value to the animal contraction, while ammonia emissions decreased by 14% due to minimal manure spreading.
In the Greening scenario, N balance and GHG emissions increased slightly. The N surplus was caused by the increased mixed grassland surface and the related N that was biologically fixed by the legume species. The increased GHG emissions were caused by an increased grain maize surface area, which emitted more CO 2 than the other crops.
On the extensive farm, production efficiency in the alternative scenarios was similar to the observed situation. Milk production per ha, which was particularly low in the observed situation, was further reduced under the Self-Sufficiency scenario. N surplus and GHG emissions were already low, so the scenarios did not improve the N eco-efficiency or carbon credit. 
Intensive Farm
Gross Margins and Farm Plans
In general, the results of this farm were quite different compared to those of the extensive farm ( Table 4 ). The farm plan of the intensive dairy farm is close to optimal in the observed situation in terms of gross margin. Notwithstanding, the farm under the observed situation exceeded feeding requirements, and the model consequently proposed to change the cropping system to better fit with animal rations: grassland area and silage maize + ryegrass area were increased, maize for grain and silage as a single crop were reduced, and the cash crop area was entirely eliminated. Under this scenario, the animal number was kept constant, but the feeding strategy that was proposed was based on the new cropping system and buying more maize flour, but no concentrates.
The self-sufficiency constrains reduced gross margin by 21%, which was much more than that of the extensive farm. All of the available land was allocated to livestock feed to meet the self-sufficiency target. However, the total production was not sufficient to feed the current number of cows, and consequently, the number of cows was reduced substantially (−43%). Analysis of the cropping system showed that the grassland area increased compared to the observed situation; the grain maize area strongly increased to meet livestock energy supply needs. The area of silage maize was reduced both as single and double-crop activity. In order to increase the protein sources within the farm, soybean was introduced as an alternative crop. This implied that the crude proteins and the energy required by livestock were derived from soybean, grain maize, and grass, plus a very small quota of silage maize produced on the farm. As the amount of soybean produced on the farm was insufficient to feed the animals, the allowed purchased quota was used for soybean.
The greening option was considered to be not economically viable on this farm, so it was not selected for the Greening scenario; the results of this analysis were equal to the results of the Gross Margin-Maximising scenario. This means that the costs of changing the farm plan were higher than the benefits of the greening premium of 250 € ha −1 .
The combination of the two scenarios made greening an interesting proposition, as the number of animals was largely reduced, and the farm became less intensive. In fact, the cropping system became very similar to that selected in the Self-Sufficiency scenario. The surface designated as the EFA was cropped with ecological lucerne, which reduced the soybean area. Consequently, the crude protein supplied through soybean was decreased and replaced by the lucerne quota. From an economic point of view, when subsidies are excluded, the combination scenario resulted in a slightly lower gross margin compared to the Self-Sufficiency scenario: 3827 € ha −1 (4077 € ha −1 −250 € ha −1 of subsidies) vs. 3858 € ha −1 ; the difference (31 € ha −1 ) has been largely filled by subsidies.
Sensitivity to Feed Self-Sufficiency Requirements
In the intensive farm, the level of feed self-sufficiency corresponding to the Gross MarginMaximising scenario was 42% (Figure 3 ). The increase in feed self-sufficiency caused a much larger reduction in gross margin than in the extensive farm, i.e., 22 € ha −1 on average for every percent of feed self-sufficiency (from 42% to 90%). However, this reduction was lower from 42% to 70%, and higher from 70% to 90%. The reduction in gross margin is highly correlated to the reduction in the number of animals (Pearson correlation's: 0.96). With an imposed feed self-sufficiency of 50%, 60%, 70%, 80%, and 90%, respectively, the number of animals reduced to 94%, 80%, 71%, 64%, and 58% compared to a feed self-sufficiency of 42%.
In the range of 42% to 60%, feed self-sufficiency was achieved by reducing the surface of self-produced silage maize and increasing the surface invested in grain maize, thus reducing the purchased feed. Beyond 60%, further feed self-sufficiency could be achieved by self-producing soybean. This underlines again the low economic farm interest to produce crude protein on-farm instead of buying it on the market. In case of the Greening scenario, greening constrains were not selected, as it was most convenient to optimise the cropping system without including an EFA. Nevertheless, when imposing a feed self-sufficiency equal to 50% or higher, greening became economically viable when choosing ecological lucerne. Most of the observed trends were similar to the scenario without greening, but, as some crude protein became available on farm from ecological lucerne, soybean production became necessary only when feed self-sufficiency needed to be larger than 70%.
Impacts on Economic and Agro-Environmental Indicators
On the intensive farm, cropping system production was on average higher in the different scenarios than in the observed situation ( Table 3) . As expected, the strong limitation to purchase feed for livestock reduced the livestock number, and then the animal density, with an important consequence for milk production. This occurred most on the intensive farm, where it was more difficult to adapt already efficient cropping systems to livestock system requirements.
The scenarios had large impacts on both the economic and agro-environmental indicators. In the Feed Self-Sufficiency scenario, N and P surplus decreased by 65% and 75%, respectively, for several reasons: a large animal number reduction (43%) decreased purchased feed inputs, and the cropping pattern changed. Gaseous emissions strongly decreased. Ammonia emissions were affected not only by the lower number of animals (less manure), but also by less urea spread due to a reduction of maize surface and increased grassland and soybean areas. The trend of GHG emissions trended with the decreased animal count, but it also followed from reduced N 2 O emissions from the new cropping patterns comprised of more grassland, soybean, and ecological lucerne.
The intensive farm showed intermediate values for N eco-efficiency; it combined high milk production with high N surplus. The value obtained for this indicator equalled 80 kg of milk per kg of N surplus −1 , which was identified as the target for conventional dairy farming systems by De Simone et al. [63] . The carbon credit indicator of the intensive farm performed best among all of the farm types. Although the farm showed high GHG emissions, the values were compensated by very high milk production.
Organic Farm
Gross Margins and Farm Plans
The Self-Sufficiency scenario was the most limiting from an economic perspective, whereas the Greening scenario led to a gross margin that was just 1% lower than the Gross Margin-Maximising scenario not counting subsidies, and 27% more than the observed situation (Table 5) . (73) 12 (63) 10 (53) 10 (53) * Total crop production.
The observed situation of the organic farm was characterised by a high quantity of feed supply, in comparison to the estimated livestock requirement. In the Gross Margin-Maximising scenario, the four double-crop activities were reduced to two: grain maize + silage ryegrass and grain pea + soybean remained, while soybean after ryegrass and silage maize after ryegrass were not selected.
The self-sufficiency constrains caused no limits in animal numbers and no substantial changes in the feed composition. Double cropping with silage maize + ryegrass and grain maize + silage ryegrass was maintained very similar to the observed situation. Some crops were removed from the animals' diets as they exceeded feed requirements, and more economically favourable crops were grown to increase gross margin. Grain pea was maintained as a cash crop. Concentrates were also removed from the animals' diets as they exceeded crude protein requirements, and purchased lucerne was substituted with two hectares of grown lucerne. Some additional feedstuffs were bought to capitalise on the allowed quota of purchased feed and maximise sold grain pea.
In the Greening scenario, the grain maize + silage ryegrass area was increased, while silage maize after ryegrass were not selected. The farm complied to the greening measures by ecological lucerne cultivation, similar to the other farms. About 50% of grain maize and 100% of pea grain and lucerne hay were sold. Most of the crude protein and energy required for the livestock came from maize grain, ryegrass silage, purchased silage maize, and both purchased and self-produced soybean.
The combination of the two scenarios approached the Self-Sufficiency scenario, but required the inclusion of the two ecological crops represented by lucerne and soybean. Feed requirements were very similar to those in the Self-Sufficiency scenario, with an increased quota of purchased soybean and no purchased maize flour.
Sensitivity to Feed Self-Sufficiency Requirements
The feed self-sufficiency level in the Gross Margin-Maximising scenario was 62%, and with greening, it was 54%. As far as the results of the sensitivity analysis are concerned (Figure 4) , increasing levels of feed sufficiency implied slight reductions in gross margin that reached −4% in the Gross Margin-Maximising scenario and −3% with the greening constraint, when 90% of feed self-sufficiency was imposed. Although the stocking rate was higher than on the extensive farm, the organic farm was able to maintain the number of animals due to the higher productivity of the different crops. The reduction in farm gross margin was only due to a rearrangement in cropping systems and a reduction in sold grain maize. Consequently, this farm seems to be more resilient to the increase in self-sufficiency than the other two. The greening constrains did not change the general effect of the feed self-sufficiency on the system. 
Impacts on Economic and Agro-Environmental Indicators
In the organic farm, results related to the agro-environmental and economic indicators were completely different compared with the other two farms (Table 3) ; both greening constrains and feed self-sufficiency targets reduced cropping system production. The Feed Self-Sufficiency scenario limited cropping system production in organic farms more than greening did.
Greening constrains seemed to not affect milk production on the organic farms. Milk production, expressed as € ha −1 , was also influenced by milk prices. Organic milk production benefited from a special price.
On the organic farm, only the N balance decreased in both scenarios. These results were attributed to cropping system changes (N-fixing crops) that were associated with decreased purchased feed inputs and increased crop sales. Gaseous emission indicators generally were not influenced by the scenarios. Only in the combined scenario of Feed Self-Sufficiency + Greening did ecological crops reduce CO 2 emission equivalents slightly, due to the reduced use of mechanisation.
The organic farm reached very high values for N eco-efficiency in all of the scenarios due to its high milk production and very low N surplus. In contrast, the carbon credit indicator was relatively low for the organic farm due to its higher GHG emissions.
Discussion
Using Bioeconomic Farm Models for IA of Policies
In this study, the bioeconomic farm model (BEFM) FSSIM was adapted and used for policy assessment. BEFMs are widely used tools to assess the impacts of future scenarios on a diversity of farms [64] [65] [66] . Although farmers have multiple objectives, assuming gross margin maximisation under a normative approach is most common [38, 67] . The main reasons are as follows. (i) Inintensive agricultural regions in Europe, gross margin maximisation is in general the most important objective of the farmer e.g., [39, 68] . (ii) We focus on evaluating drastic policy changes, and consequently, a positive mathematical programming (PMP) calibration approach that uses historical information to improve the predictive capacity of the model and make short-term predictions of farm responses can be questionable and less transparent than a normative approach. Moreover, parameterising a PMP model appropriately requires data and specific assumptions on model parameters that are not easy to obtain [69] , especially parameters related to new or alternative technologies. (iii) In order to include multiple objectives, interviews with farmers are needed, while at the same time, objectives differ per farmer, and farmers do not always do what they say [68] .
Therefore, we chose to consider gross margin maximisation as the objective function, and reveal and discuss what the implications of this objective are for the scenarios regarding feed self-sufficiency requirements and greening policies. We are confident that the results provide relevant insights on the impacts of these scenarios.
Gross Margin-Maximising Scenario
In the Gross Margin-Maximising scenario, the gross margin of the organic farm increased more than the extensive and intensive farm (i.e., 38% compared to 16% and 0.2%, respectively).
For all of the farms, the optimal strategy in the Gross Margin-Maximising scenario was crop specialisation, including decreasing the area of cash crops in order to increase the feed self-sufficiency and decrease the cost of animal feeding. Sensitivity analyses on the level of self-sufficiency indicated that complete self-sufficiency is not an optimal strategy from an economic point of view, because it is not possible to fulfil the potential protein and energy requirements of a large number of cows with on-farm production. Determining factors for the optimal level of self-sufficiency were feed prices, crop yields, the maximum stocking rate determined by milk quota and cow production, the cow feed requirements, and the policy constrains (crops rotation, N derogation).
Comparing the results achieved by the Gross Margin-Maximising scenario with the observed situation, on the extensive farm, the self-sufficiency increased. On the intensive farm, the self-sufficiency decreased in term of energy, while it was kept quite equal in terms of crude protein. On the organic farm, the self-sufficiency decreased in terms of energy requirements, while it increased in terms of crude protein.
Moreover, the surface covered by silage maize was generally decreased and cropped with grain maize, soybean, and grassland to replace purchased concentrates and satisfy animal energy and protein requirements. Currently, dairy farmers in the Po Plain usually decide to cover a large share of the animal feed requirements with silage maize. This is because of several reasons, including: (i) the high biomass production level; (ii) the well-understood silage technique; (iii) the easy storage; and (iv) the high nutritional value. Furthermore, silage maize must be produced on-farm, as exchanges among farmers-especially in intensive dairy regions-are very limited because it is not economically sustainable to transport this product over long distances, given its weight and price. Only biogas plants are able to promote silage maize markets, because they are willing to pay a higher price, knowing that most of them will receive subsidies per unit of energy produced (0.28 € kWh). Currently, farmers prefer to buy concentrates, because this gives them more freedom to choose the nutritional composition of the diet for their animals, and plan their cropping systems (species and number of crops, rotation, and date of sowing/harvest). Nonetheless, recent maize and soybean price volatility has caused increased uncertainty about concentrates and crop costs. This phenomenon has reached the point where maize silage-based diets that are highly dependent on additional purchased concentrates to meet protein demand no longer constitute the most economically attractive solution [10] . The FSSIM model does not take into account the farmers' reluctance to switch to another feed strategy; it considers only the profitability of the solution. For this reason, farmers never select purchased concentrates, because they have a high cost per unit of protein, and choose crop maize for grain, legumes, and grassland.
Most of the economic, environmental, and efficiency indicators were similar or better in the Gross Margin-Maximising scenario compared with the observed situation due to an improved management of the cropping system. This shows that the maximisation of income can lead to a more efficient use of resources, resulting in a positive impact in environmental terms. While there are often trade-offs between economic and environmental results, becoming more efficient in terms of inputs and outputs can often lead to synergies. Other examples of coupled positive results are reported in relation to conservation tillage [70] , integrated farm management [71] , and crop rotation [72] . Also, precision farming is based on the idea that increased environmental and economic sustainability could be reached through fertiliser, pesticides, and water input reduction [73, 74] , while maintaining high crop productivity.
Self-Sufficiency Scenario
The Self-Sufficiency scenario aimed to increase the recycling of on-farm produced feed up to 90% for both energy and crude protein. This scenario represented a quite important challenge in terms of farm organisation and feed strategy.
Current values of FSS varied among farms mainly for crude protein. Generally, the FSS scenario here analysed led to: (i) an increase of the productivity of the cropping system; (ii) a reduction of produced milk; and (iii) an improvement of all of the environmental and eco-efficiency indicators, resulting in greater sustainability. The intensive farm was most affected by this improvement, and the extensive farm was the second most affected, while effects on the organic one were not always positive. The increase in self-sufficiency that was needed to reach the 90% target perfectly described the increasing environmental improvement obtained by the different farms.
Although this scenario is interesting from an environmental point of view, it is economically the worst due to a reduction in the stocking rate and substitution of cash crops by fodder crops (or fodder use) and by crops with higher crude protein content. On the extensive farm, the stocking rate, which was already low in the observed situation and in the Gross Margin-Maximising scenario, was further reduced due to the absence of very productive crops. The presence of highly productive and efficient crops is essential to be able to reach high values of feed self-sufficiency. In the observed situation, extensive farm land is less productive than the other types of farms, because extensive farms are not able to achieve high yields on a large area. Furthermore, various factors can influence the relation between feed self-sufficiency and stocking rate, including: soil quality, crops yields, farm logistics capabilities (e.g., percentage of double crops), the structure of the animal module (cow unit), and the requirements of animals related to milk and meat production. Compared to the observed situation, this scenario also implied a generally strong cash crop reduction. This reduction derives from the need to expand grain maize, grassland, and soybean area, so that it is easier to comply with animal feed requirements.
On the intensive farm, the stocking rate was high, and feed self-sufficiency requirements led to a strong reduction in the number of cows. Maize for grain and soybean are the two crops that are more efficient in providing crude protein and energy to the herd, and therefore, their areas were largely increased to provide the feed, while no products were sold under this scenario.
On the organic farm, the optimisation of the cropping system enabled the maintenance of the same number of cows, thanks to the large part of the crude protein requirement already produced on-farm, given its particular cropping management. The reduction of concentrates with high protein content contributed to the reduced farm N gate balance (see also [40, [75] [76] [77] [78] ), and consequently improved the ammonia emission indicator.
In contrast to aiming for feed self-sufficiency, a net separation between cropping and livestock systems can lead to intensive landscapes of cereal production without livestock on the one hand, and a high concentration of livestock production on the other hand, such as in Brittany (France) [11] . The distance between two such agro-ecoregions could also be as wide as between the arable land in South America (soybean production) and the European intensive livestock system. The modification of dairy farm cropping patterns and the inclusion of alternative protein crops would be necessary, although not possible on all of the farms, to comply with the Self-Sufficiency constraint without reducing the number of cows. In addition, the replacement of winter cereals with legumes and grain maize has also increased the cropping system production indicator.
With the abolishment of the milk quota in 2015, the number of cows per farm has been slightly increased [79] . It is clear that with a higher number of cows, it is more difficult to achieve a high level of self-sufficiency, so if this is to be supported, additional policies may be needed.
CAP 2013 Reform, Greening Application
The only crops introduced as EFA were N-fixing crops. The actual greening policy requires 5% of EFA, but N-fixing crops have a corresponding value in terms of area that is only 70%. The combination of the two coefficients leads to a final request of EFA area that is very close to the simulated value of 7%.
Actual European regulations make greening applications less economically interesting, but easier to be applied than what was simulated here. Farmers are more pushed to adopt them based on greater penalties applied to non-compliance. The results presented for this scenario are based on stronger constrains, as specified in the "Material and Methods" section, than those that are actually applied.
The extensive farm easily adopted the greening constrains: it already has a low stocking rate, large surface, and an inclination for grassland cultivation, which was promoted in the greening strategies in the Greening and Greening + Self-Sufficiency scenarios. The greening policy will thus not lead to a change in this type of system. Income will only increase due to the extra subsidies.
Organic farms do not need to respect greening constrains, because they automatically benefit from the payments [54] . The Commission Regulation suggests that organic farmers contribute, in terms of environmental public good, an amount that is equal to what would be provided through compliance with the three green measures [80] . In this study, greening constrains were also applied to organic farms to test their response. Despite the high crop and animal yields, the organic farm considered the adoption of greening measures economically sustainable.
When maximising the gross margin, the organic farm became more profitable, simplifying the cropping pattern to only two crops. In the Greening scenario, ecological lucerne was introduced in order to meet the two greening constrains related to crop diversification and EFA. This implied a further increase in gross margin.
Intensive farms need additional farm management changes to respect greening constrains that imply the introduction of a third crop and of the EFAs. Both greening options are less profitable than silage maize or silage maize + ryegrass, even with the additional greening premium. The second greening constraint-the maintenance of permanent grassland-was not limiting for the intensive farm.
Administrative penalties have been introduced starting from 2017, which are proportional to the share of non-compliance of the greening constrains, with a maximum share of 125% of the greening premium. Considering that the area needed as EFA is higher than that needed as the third crop (7% against 5%), and in this farm equals 2.59 ha, we can suppose that the intensive farm would choose an intermediate solution where EFA is adopted, but in a lower share than that required to fulfil greening constrains completely, or alternatively, other types of EFA would be chosen. However, as reported by Solazzo et al. [57] , a share of the intensive farms in Italian regions, which are characterised by similar cropping systems to those studied here, do not comply with greening constrains, even under the penalties regime. When the "intensity" of the farm was already reduced due to self-sufficiency constrains, greening constrains were selected. This means that environmental measures, such as the greening policy, are easier to be applied by medium and extensive farms, but when voluntary, they will not be applied by intensive farms. At the same time, on the farms that do adopt environmental measures, the positive environmental impacts are relatively smaller than the positive economic impacts due to the extra subsidies. Similar results are reported by other studies related to the low application of agro-environmental measures of the Rural Development Programme in Europe and Italy [81, 82] . Contrary to the actual situation, environmental-driven subsidies should be more convenient than intensification; otherwise, it will not be selected by the most intensive farmers.
Conclusions
In the present situation, the animal diet on dairy farms in the Piemonte region is based mostly on "on-farm" produced silage maize and purchased concentrates. All of the scenarios assessed in this paper demonstrated that this is not the most profitable solution. On-farm protein production with grain maize and hay from mixed grassland seems to offer a more profitable and environmentally friendly solution, also when feed self-sufficiency is not required.
The most profitable activity in the farm is milk production, and therefore, gross margin maximisation can be obtained by reducing or excluding cash crop production and investing all of the farm area in feed production.
Analysis of the different scenarios showed that targeting feed self-sufficiency induces more farm organisational change than the Greening policy scenario. Furthermore, it was shown that the cropping system is not always able to sustain the actual herd composition when feed self-sufficiency is required. Maximum gross margins are reached with 42%, 74%, and 62% for the intensive, extensive, and organic farm, respectively. On average, every % increase in feed self-sufficiency leads to a loss of 22 € ha −1 , 5 € ha −1 , and 7 € ha −1 on the same farms. When either the number of animals is too high, or the crop yield is too low, a high level of feed self-sufficiency is difficult to achieve.
Of the three regulations (taken into account as additional constrains) in the Greening scenario, crop diversification and the introduction of an ecological focus area were the most limiting factors that led to the rejection of the greening rules. The constraint on the compulsory area of grassland was less restrictive, as it was always accomplished, even when the other greening constrains were not selected. It seems that introduction of N-fixing crops to ecological focus areas was the most profitable greening strategy to adopt, and led to an increase in the share of protein produced on-farm. The more complex cropping systems of organic dairy farms made the adoption of greening constrains easier, since organic farms were already compliant with more restrictive regulations. For this reason, the exclusion of these farms from the greening rules seems to be a justifiable choice. However, it is important that the greening policy in the form here analysed does not lead to reduced environmental impacts. The intensive farm did not adopt the environmental measures, because the subsidy is less than the reduced gross margin. However, the new release of the European regulation makes the greening rules easier to be applied. On the other hand, the extensive and organic farms accept the subsidy, but do not need to change much. This implies that in order to improve environmental conditions, regulations are needed, rather than voluntary economic incentives. 
